Simple Summary: Our novel findings suggest that excessive backfat thickness of sows at days 109 of gestation exacerbates the metabolic disorder of perinatal sows, reduces the number and litter weight of piglets born alive, and adversely affects the intestinal health of sows and their offspring piglets. Moreover, the current study also provides an important theoretical reference for strengthening the control of body condition in sows during reproductive cycle.
Introduction
In modern large-scale pig farms, the assessment and control of body condition in sows during pregnancy is the key means to optimize their reproductive performance [1] . The backfat thickness is a common indicator of sow body condition [2] . Increasing evidence shows that excessive backfat of sows during late gestation is closely related to reproductive disorders, including less litter size, lower litter weight gain, and more proportion of intrauterine growth restriction [3] [4] [5] . The latest research indicates that when Landrance × Large White sows have a backfat ≥ 21 mm at days 109 of gestation, the higher m6A modification shown in genes related to placental development may limit development of placental vasculature, thereby increasing the incidence of low birth weight in piglets [6] . Therefore, maintaining backfat during late gestation in proper range is the basic guarantee for maximizing reproductive performance of sows.
Over the course of a normal gestation and lactation, the female body exhibits remarkable metabolic and immunological alterations [7, 8] . These changes are described as metabolic syndrome, including insulin resistance and increased levels of systemic pro-inflammatory cytokines in later pregnancy [9, 10] . Recently, studies in pregnant women have shown that overweight or obesity during pregnancy may exacerbate the maternal metabolic syndrome [11] [12] [13] . Furthermore, maternal obesity during pregnancy also increases the risk of obesity and insulin resistance in offspring during childhood or adulthood [11, 14] . The increased systemic and intestinal local inflammation and impaired immune development were also observed in offspring of obese pregnant women during pregnancy [15, 16] . However, studies on the effects of obesity during late pregnancy on maternal and offspring are mostly reported in women and rodents, and its effects on metabolic status of sows and immune system development of piglets are not clear.
Recently, our study suggested that the perinatal sow's body also undergoes a systemic low-grade inflammation and increment in insulin resistance [17] . Moreover, the increased intestinal permeability during perinatal period is one of the key mechanisms leading to metabolic disorders in sows [17] . Therefore, based on the above analysis, we hypothesized that excessive backfat thickness of sows at late pregnancy might increase intestinal permeability and metabolic syndrome of perinatal sows and impair intestinal health and immune system development of piglets. The aim of this study was to investigate the effects of excessive backfat thickness of sows at late pregnancy on metabolic status of perinatal sows and performance, intestinal health, and immune system of offspring piglets.
Materials and Methods
The experimental protocol had been approved by the Institutional Animal Care and Use Committee of Huazhong Agricultural University (permit number: HZAUSW-2018-136).
Animals, Diets, and Experimental Design
The database used in this study was obtained from the research farm of Guangxi Yangxiang Co., Ltd., Guangxi Province, China. The study involved 60 multiparous Landrance × Large White sows with an average parity of 3.93. Sows were divided into two treatment groups according to backfat thickness (normal backfat thickness group, =17 mm; excessive backfat thickness group, ≥21 mm) at 109 d of gestation. In both backfat groups were the similar distribution of parities. Throughout the pregnancy period, all sows were fed the same amount of feed. In detail, the whole pregnancy period was divided into four feeding stages, namely, d 0 to d 30 of pregnancy, d 31 to d 80 of pregnancy, d 81 to d 95 of pregnancy, and d 96 of pregnancy to parturition; correspondingly, the feeding amount was 2.0 kg/d, 2.4 kg/d, 2.6 kg/d, and 3.0 kg/d, respectively. Sows were fed twice per day at 07:00 and 14:00 h. All sows were allowed to consume the same lactation diets ad libitum. The detailed ingredients and nutrient contents of experimental diets are shown in Supplementary Table S1 . During pregnancy, sows were housed separately in pregnancy stalls (2.2 × 0.7 × 1.1 m) with 1.2-1.6 m of solid concrete in front and 0.6 to 1.0 m of slotted concrete in the back. On day 109 of pregnancy, sows were washed and then moved from the gestation stalls to the farrowing rooms. Sows were individually housed in farrowing crates (2.2 × 1.7 m) with slatted floors and heat pads for piglets. The backfat thickness of sows were later recorded. During lactation, sows were fed a corn-soybean meal-based lactating diet (10.36 MJ/kg of metabolizable energy, 18.92% of crude protein, and 1.03% lysine). The lactation diet was supplied two times a day at 07:00 and 16:00 to ensure sows' ad libitum access to feed. The farrowing room temperature was maintained at approximately 20 • C to 22 • C by a water-cooling ventilation system (Big Dutchman, Inc., Vechta-Calveslage, Germany). The sows had ad libitum access to water throughout the experimental period. At parturition, the number of live-born piglets was recorded. Each piglet was individually weighed whin 12 h after birth. The litter size was then was adjusted to 11-12 in the same backfat treatment group. Piglets were given iron supplementation and cut off their teeth and tails within the first three days life. During lactation, piglets were not fed with creep feed and therefore depended on sow's milk as their sole source of nutrients. The piglets could not obtain probiotics and antibiotics.
Data Measurements and Collection
Data measurements and collection were conducted by the research team with the help of farm workers. The thickness of backfat was measured by using ultrasound (PIGLOG105, SFAK-Technology, A Mode Scanner, SFK Technology A/S Helver, Denmark) on the last rib (P2; 6.5 cm from the midline of the last rib) and operated by the same employee throughout the experiment according to the method of Sulabo et al. [18] . Body weight of piglets were individually recorded on day of delivery, after cross-fostering and 7, 14, and 21 days of lactation to calculate litter weight and daily gain (ADG). The statistical unit is the litter.
Sample Collection
On day 109 of pregnancy and day 3 of lactation before feeding (0700), 10 sows in each group were randomly selected to collect fasting blood samples from ear veins and mounted in a heparinized centrifuge tube (5 mL). The fasting blood samples were centrifuged for 10 min at 3000× g at 4 • C. Plasma samples were then obtained from the supernatant and stored at −80 • C for further analysis. Fresh fecal samples were individually collected from the above sows into sterile 20 mL centrifuge tubes (without any treatment) on day 109 of pregnancy and day 3 of lactation and then stored at −80 • C until analysis. About 4 h after the initiation of farrowing, colostrum samples (20 mL) were collected from the 3 to 5 pairs of mammary glands of the above sows. Milk samples (20 mL) were also taken from the 3 to 5 pairs of mammary glands of sows on day 3 of lactation after an intramuscular injection of 5 IU oxytocin behind an ear. The colostrum and milk samples were immediately frozen at −20 • C until analysis. On day 14 of lactation, one piglet with a body weight close to the average weight of the litter was selected to collect fecal and blood samples. Blood samples were obtained from piglets by vena jugularis with a minimum amount of stress into heparinized tubes (5 mL). Plasma samples were then obtained by centrifuging the blood samples and stored at −80 • C until analysis. Fresh fecal samples were individually collected using sterile 10 mL centrifuge tubes (without any treatment) from the piglets and then stored at −80 • C until analysis.
Chemical Composition of Colostrum and Milk Analysis
Before analysis, colostrum and milk were delipidated by centrifugation at 3000× g at 4 • C for 20 min. The chemical composition of colostrum and milk was determined with a near infrared reflectance spectroscopy method by Milk-ScanTM Mars (Foss Electric, Hillerod, Denmark). Th concentrations of IL-6, IL-10, IgA, and IgM in colostrum or milk were determined using porcine commercial assay kits (Bio-Swamp Life Science, Wuhan, China) and their corresponding instructions.
Metabolic and Immune Biomarkers Analysis
In this study, several biomarkers in fecal and plasma related to insulin sensitivity, systemic inflammation, oxidative stress, intestinal permeability, local intestinal inflammation, and immune system of piglets were measured. These biomarkers were as follows: (1) Insulin sensitivity indicators included blood glucose and insulin levels before feeding and HOMA-IR values; Fecal homogenates were obtained by dissolving feces in PBS (10% wt:vol) and then stored at −80 • C for further analysis. The fecal or plasma concentrations of zonulin, lipocalin-2, β-defensin-2, IL-6, IL-10, TNF-α, sIgA, and IgM were detected using porcine commercial assay kits (Bio-Swamp Life Science, Wuhan, China) and their corresponding instructions. Plasma glucose, insulin, TBARS, glutathione peroxidase (GSH-Px), and T-SOD levels were determined using commercial kits purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China) according to the manufacturer's instructions. The formula of HOMA-IR values was as follows: HOMA-IR = [(fasting insulin value, mIU/L) × (fasting glucose value, mmol/L)]/22.5. Each sample was determined in duplicate.
Statistical Analysis
Statistical analyses were conducted using the Student t-test procedure of SAS 9.4 (SAS Inst. Inc., Cary, NC, USA). The normal distribution of data was verified by a Kolmogorov-Smirnov test. Data were expressed as means ± SEM. A p < 0.05 was considered to indicate significance for all analyses.
Results

Growth Performance of Piglets
Descriptive statistics for backfat thickness and parity of sows and growth performance of suckling piglets during lactation are summarized in Table 1 . The total number of piglets born alive and the litter weight of piglets born alive were lower (p < 0.05) in the excessive backfat thickness group (≥21 mm) than those in the normal backfat thickness group (=17 mm). The ADG during week 1 was higher (p < 0.05) in piglets of excessive backfat thickness group compared with piglets in normal backfat thickness group. However, there was no difference (p > 0.05) in ADG during week 2, week 3, or the whole lactation period between the two treatments. Additionally, no difference in the average weight of suckling piglets was observed (p > 0.05). 
Metabolic Syndrome in Perinatal Sows
To assess effect of excessive backfat thickness of sows during late pregnancy on metabolic syndrome in perinatal sows, we examined the biomarkers related to insulin sensitivity and systemic inflammation. The results presented in Figure 1 showed that the fasting plasma glucose levels and HOMA-IR values were remarkably increased (p < 0.05) in perinatal sows from excessive backfat thickness group when compared with those from normal backfat thickness group. Notably, in excessive backfat thickness sows, the plasma concentrations of pro-inflammatory cytokines IL-6 and TNF-α were increased (p < 0.05), while the plasma levels of the anti-inflammatory cytokine IL-10 were decreased (p < 0.05).
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The effect of excessive backfat thickness of sows during late pregnancy on intestinal inflammation and intestinal permeability biomarkers of two-week old offspring piglets are displayed in Figure 4 . The results showed that the fecal levels of TNF-α were significantly increased (p < 0.05) but the fecal levels of IL-10 were remarkably decreased (p < 0.05) in piglets from excessive backfat thickness sow when compared with those from normal backfat thickness sow. There was no difference (p > 0.05) in levels of plasma zonulin and fecal lipocalin-2 and IL-6 of piglets between the two treatment groups. 1 All data are shown as mean ± SEM (n = 10). 2 IL-6 = interleukin 6; IL-10 = interleukin 10; IgA, immunoglobulin A; IgM, immunoglobulin M.
The effect of excessive backfat thickness of sows during late pregnancy on intestinal inflammation and intestinal permeability biomarkers of two-week old offspring piglets are displayed in Figure 4 . The results showed that the fecal levels of TNF-α were significantly increased (p < 0.05) but the fecal levels of IL-10 were remarkably decreased (p < 0.05) in piglets from excessive backfat thickness sow when compared with those from normal backfat thickness sow. There was no difference (p > 0.05) in levels of plasma zonulin and fecal lipocalin-2 and IL-6 of piglets between the two treatment groups. Figure 5 shows the effects of excessive backfat thickness of sows during late pregnancy on immune system development of two-week old suckling piglets. Three biomarkers related to immune system development were determined. Specifically, fecal β-defensin-2 and sIgA and plasma IgM levels were used to reflect the innate, adaptive, and systemic immune system, respectively [21, 22] . The results showed that there was no significant difference (p > 0.05) in the fecal levels of β-defensin-2 and sIgA between the two treatments. However, the piglets from excessive backfat thickness sow had lower (p < 0.05) concentrations of plasma IgM than piglets from normal backfat thickness sow. This section may be divided by subheadings. It should provide a concise and precise description of the experimental results, their interpretation as well as the experimental conclusions that can be drawn.
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Discussions
In the pig industry, maintaining the optimal body condition of sows is important for achieving the best reproductive efficiency [1] . The backfat thickness has been proven to be an objective, convenient, and precise indicator to reflect the body condition of sows [23, 24] . In the current study, our results showed that the excessive backfat thickness (≥21 mm) of Landrance × Large White sows at day 109 of gestation decreased the total number and litter weight of piglets born alive. Similar to the results of this study, Zhou et al. [5] observed that increased backfat thickness of Large White sows at day 109 of gestation had a convex quadratic relationship with litter weight of piglets born alive. Torres-Rovira et al. [25] showed that the proportion of low birth weight in excessive backfat thickness sows was more than 20%. Increasing the rate of low birth weight would reduce the litter weight of piglets at birth. Additionally, Catalano et al. [26] reported that obesity in pregnant women during later pregnancy also increased the incidence of stillbirth and neonatal death. Some studies have shown that the placental dysfunction may be a determinant of maternal obesity during pregnancy leading to abnormal fetal development [5, 27, 28] . In our previous study, we found that when sows had a backfat ≥ 21 mm at days 109 of gestation, the higher m 6 A modification shown in genes associated with placental development limits the development of placental vasculature, thereby increasing the incidence of low birth weight in piglets [6] . Taken together, our results support the necessity of body condition assessment in sows during pregnancy for optimizing reproductive performance.
In this present study, it was found that the excessive backfat thickness in sows during late pregnancy exacerbated the metabolic disorders in sows, including insulin resistance, systemic inflammation, and oxidative stress in sows during perinatal period. Consistent with this study, Nicholas et al. [11] reported that maternal obesity during pregnancy aggravated their own insulin 
Discussion
In this present study, it was found that the excessive backfat thickness in sows during late pregnancy exacerbated the metabolic disorders in sows, including insulin resistance, systemic inflammation, and oxidative stress in sows during perinatal period. Consistent with this study, Nicholas et al. [11] reported that maternal obesity during pregnancy aggravated their own insulin resistance. Pendeloski et al. [13] also indicated that serum CRP levels, a biomarker for systemic inflammation, increased significantly in obese individuals during pregnancy. In addition, Malti et al. [29] also found that obese pregnant women had increased plasma TBARS levels and significantly decreased systemic T-SOD activity. In this current study, the plasma zonulin and fecal lipocalin-2 levels in perinatal sows with excessive backfat thickness Animals 2020, 10, 49 9 of 11 were remarkably increased. Previous studies have suggested that the impaired intestinal mucosal integrity may enhance concentrations of zonulin in blood [30] . Moreover, Lipocalin-2, abundantly enriched in neutrophils, has been reported to be elevated in gut inflammation [20] . This finding suggests that the intestinal permeability and intestinal inflammation were remarkably increased in excessive backfat thickness sows. Our previous studies have confirmed that increased intestinal permeability due to gut microbiota disorders is the potential mechanism for perinatal insulin resistance and systemic inflammation in sows [17] . Thus, these results suggested that obesity of sows at late pregnancy may also contribute to the dysbiosis of gut microbiota in sows, which has been confirmed in obese pregnant women [31, 32] .
The effect of maternal obesity on intestinal barrier function and immune system of suckling piglets has not been reported before. In this study, we found that excessive backfat thickness in sows during late pregnancy exacerbated intestinal inflammation (fecal levels of TNF-α were increased but IL-10 were decreased) in offspring piglets and reduced the circulatory immune defense capacity of piglets, which was consistent with reports in humans and rodents [14, 16, 33] . Wilson et al. [16] showed that obesity-induced metabolic disorders during pregnancy not only caused the occurrence of systemic inflammation in the offspring, but also hindered the maturation of the immune system. This study observed a significant decrease in IL-10 levels in normal milk on the third day of the excessive backfat thickness sows. Therefore, changing the transmission of immune factors in milk to offspring may be one of the important ways, but the specific mechanism needs further research.
Conclusions
The results of this study suggested that excessive backfat thickness in sows during late pregnancy exacerbates the metabolic disorder of sows during perinatal period, reduces the number and litter weight of the piglets born alive, and affects the intestinal health of piglets. Considering the significant effects of body condition during pregnancy on sow metabolism and piglet performance and intestinal health, attention should be paid to the monitoring and control of sow body condition in pig production.
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